Each design f e a t u r e s a f r e e -p i s t o n S t i r l i n g engine, a l i q u i d metal heat p i p e r e c e i v e r , and a means t o p r o v i d e about 2 5 k W o f e l e c t r i c power t o a u t i l i t y g r i d w h i l e meeting DOE's l o n g t e r m performance and c o s t goals. An independent assessment showed t h a t b o t h designs a r e manufacturable and have t h e potent i a l t o e a s i l y meet DOE's l o n g term c o s t goals.
INTRODUCTION The Department o f Energy's (DOE) S o l a r Thermal E l e c t r i c Technology Program, Sandia N a t i o n a l L a b o r a t o r i e s Albuquerque (SNLA) i s e v a l u a t i n g heat engines for t e r r e s t r i a l S o l a r D i s t r i b u t e d Heat
Receivers., The S t i r l i n g engine has been i d e n t i f i e d by SNLA as one o f t h e most promising engines for t e r r e s t r i a l a p p l i c a t i o n s . Recent s t u d i e s by S E R I and EPRI have concluded t h a t d i s h systems u t i l i z i n g r e f l u x r e c e i v e r s i n t e g r a t e d w i t h S t i r l i n g engines a r e a p r o m i s i n g candidate as a f u t u r e power source for t h e u t i l i t i e s i n d u s t r y . The f r e e -p i s t o n S t i r l i n g engine has t h e p o t e n t i a l t o meet DOE's l o n g term goals f o r performance and c o s t .
Research Center i s r e s p o n s i b l e for a v a r i e t y o f p r o j e c t s , i n c l u d i n g b o t h t h e f r e e -p i s t o n and k i n em a t i c S t i r l i n g engines. The S t i r l i n g c y c l e has been pursued as a candidate dynamic power source f o r f u t u r e high-power space conversion systems a t NASA Lewis s i n c e t h e 1960's. C u r r e n t p r o j e c t s f o r space power requirements are shown i n F i g . 1 . Space power requirements i n c l u d e h i g h e f f i c i e n c y , v e r y l o n g l i f e , h i g h r e l i a b i l i t y , and low v i b r at i o n . I n a d d i t i o n , system weight and o p e r a t i n g temperatures a r e i m p o r t a n t . The f r e e -p i s t o n S t i r li n g shown s c h e m a t i c a l l y i n F i g . 2, has t h e potent i a l for a h i g h l y r e l i a b l e engine w i t h l o n g l i f e because i t has o n l y a few moving p a r t s , noncontacti n g gas bearings, and can be h e r m e t i c a l l y sealed. A d i s c u s s i o n of f r e e -p i s t o n S t i r l i n g technology f o r t h e space power a p p l i c a t i o n i s contained i n Ref. 1 
. Although b o t h a p p l i c a t i o n s , t e r r e s t r i a l
The S t i r l i n g Technology Branch a t NASA Lewis and t h e space power, appear t o be q u i t e d i f f e r e n t , r requirements complement each o t h e r .
The development o f a l t e r n a t i v e powerp a n t s for t h e Department o f Energy (DOE) i n t h e l a t e 1970's i n i t i a t e d t h e DOE's Automotive Heat Engine Program, which i n c l u d e d t h e development o f bo h t h e gas t u r b i n e and S t i r l i n g engine f o r automobiles. These programs were planned and implemented by NASA Lewis. A s a r e s u l t o f these programs, a unique technology base and S t i r l i n g e x p e r t i s e was g r a d u a l l y developed a t NASA Lewis d u r i n g t h e 1 9 7 0 ' s . I n 1981, the a p p l i c a b i l i t y o f b o t h t h e gas t u r b i n e and S t i r l i n g automotive heat engines for s o l a r thermal power a p p l i c a t i o n s , was evalua t e d . 2 Although, b o t h t h e gas t u r b i n e and S t i r l i n g have t h e p o t e n t i a l t o meet the h i g h e f f i c i e n c y g o a l s f o r the s o l a r program, i t was determined t h a t a number o f m o d i f i c a t i o n s were needed t o adapt these automotive engines f o r t h e s o l a r a p p l i c a t i o n . The d u t y c y c l e s f o r these a p p l i c a t i o n s are q u i t e d i f f e r e n t , the automotive a p p l i c a t i o n r e q u i r i n g f r e q u e n t speed and power changes, w h i l e t h e s o l a r a p p l i c a t i o n has a constant speed and power r e q u i r ement. Areas p r i m a r i l y o f concern w i t h these engines were t h e l i f e and r e l i a b i l i t y requirements, a l o n g w i t h issues o f i n i t i a l and l i f e c y c l e c o s t s for t h e s o l a r a p p l i c a t i o n . I n summary, t h i s r e p o r t concluded, t h a t i t was more d e s i r a b l e t o s t a r t w i t h a c l e a n sheet, and design an engine s p e c i f i c a l l y for t h e s o l a r thermal a p p l i c a t i o n , r a t h e r than adapt one o f t h e automotive heat engines.
A comparison o f t h e k i n e m a t i c and f r e e -p i s t o n S t i r l i n g engines for t h e s o l a r a p p l i c a t i o n i s shown i n Table I. The k i n e m a t i c engine was o r i g in a l l y designed for t h e automotive d u t y c y c l e , w h i l e t h e f r e e -p i s t o n S t i r l i n g engine i s being developed for t h e l o n g l i f e space power a p p l i c a t i o n . d i f f e r e n c e s shown a r e i n t h e d r i v e and gas systems. The d r i v e system components ( d r i v e shaft, bearings, o i l pump, p i s t o n r i n g s , crossheads and s h a f t seals, e t c . ) and t h e gas system.(the power c o n t r o l system) components (compressor, check v a l v e s , storage tank and power c o n t r o l v a l v e , e t c . ) have wear p o t e n t i a l which would reduce engine l i f e i n t h e k i n e m a t i c c o n f i g u r a t i o n . Design l i f e o f between 10 000 and 20 000 h r should be e a s i l y o b t a i n e d f o r r e c i p r o c a ti n g engines such as the k i n e m a t i c S t i r l i n g , when m o d i f i e d for o p e r a t i o n w i t h a constant speed and load. The f r e e -p i s t o n S t i r l i n g engine, however, has no s i g n i f i c a n t s i d e loads, which minimizes wear mechanisms and a l l o w s for l o n g l i f e . The use o f n o n c o n t a c t i n g gas bearings d u r i n g o p e r a t i o n should p e r m i t t h e f r e e -p i s t o n t o exceed t h e 60 000 h r l i f e requirement for t h e s o l a r a p p l i c a t i o n w i t h o u t d i ff i c u l t y . I n a d d i t i o n , t h e f r e e -p i s t o n S t i r l i n g can
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be h e r m e t i c a l l y sealed t h e r e f o r e e l i m i n a t i n g t h e need f o r a gas makeup system. A n a l y s i s can show t h a t t h e same h i g h brake e f f i c i e n c y as a percentage o f Carnot e f f i c i e n c y i s expected from e i t h e r t h e f r e e -p i s t o n or k i n e m a t i c S t i r l i n g c o n f i g u r at i o n~.~.~ t h e i n h e r e n t l y s i m p l e r design, make t h e f r e ep i s t o n S t i r l i n g t h e engine o f choice for t h e l o n g term s o l a r a p p l i c a t i o n . I t should be noted t h a t when comparisons o f d a t a and i n f o r m a t i o n from s i m il a r t y p e engines are made, which were designed for Table II.5 The r e c e i v e r and conversion c o s t s have been
combined t o p r o v i d e a t o t a l system c o s t for t h e ASCS, e x c l u d i n g t h e c o n c e n t r a t o r . The ASCS t o t a l c o s t goal i s based on c o l l e c t i n g concentrated s o l a r energy i n t o a r e c e i v e r from an 11 m p a r a b o l i c d i s h w h i l e p r o v i d i n g 25 k W or more o f e l e c t r i c a l power t o t h e u t i l i t y g r i d . Both t h e MTI and STC
ASCS concepts were evaluated independently by Pioneer as stand a l o n e systems f o r t h e c o s t study, which we b e l i e v e t o be a more meaningful comparison. The manufacturing r a t e for t h e c o s t study i s 10 000 u n i t s l y e a r . Based on t h e Pioneer study, b o t h systems ( I n 1984 d o l l a r s ) , t h e M T I ASCS a t $363/kWe, and t h e STC ASCS a t $308/kWe can e a s i l y meet t h e DOE l o n g term goal o f $452/kWe.
Each ASCS c o n s i s t s o f a s o l a r energy r e c e i v e r , a l i q u i d metal heat t r a n s p o r t system, a f r e e -p i s t o n S t i r l i n g engine, t h e engine heat r e j e c t i o n system, an a l t e r n a t o r or generator e i t h e r d i r e c t l y o r i n d i r e c t l y coupled t h e engine t o t h e u t i l i t y g r i d , and t h e a p p r o p r i a t e c o n t r o l s and power c o n d i t i o ni n g . The proposed concepts and t h e p r e l i m i n a r y conceptual designs a r e discussed i n Refs. 6 and 7. The f i n a l conceptual design completed by MT18 f e a t u r e s a h e a t p i p e r e c e i v e r i n t e g r a t e d w i t h a f r e e -p i s t o n S t i r l i n g e n g i n e / l i n e a r a l t e r n a t o r conv e r s i o n system. The STC9 f i n a l conceptual design f e a t u r e s a r e f l u x b o i l e r r e c e i v e r i n t e g r a t e d w i t h a S t i r l i n g e n g i n e / h y d r a u l i c conversion system. 
i l i t y and c o s t e v a lt h e l a t e 1980's i n meeting goals u a t i o n f o r t h e engine power conversion system
The approach f o r d e s i g n i n g t h e 25 k W s o l a r conversion system for DOE/SNLA was t o design w i t h a c l e a n sheet as recommended i n e a r l i e r s t u d i e s . The method used was t o s t a r t from a system p o i n t o f view which f e a t u r e d t h e f r e e -p i s t o n S t i r l i n g engine a l o n g w i t h t h e a p p r o p r i a t e subsystems. a l l o w e d f o r t h e proper o p t i m i z a t i o n o f t h e engine w i t h i n t h e system t o maximize b o t h e f f i c i e n c y and power f o r t h e s o l a r a p p l i c a t i o n . o f t h e v a r i o u s subsystem losses a t an e a r l y stage o f t h e design process, e l i m i n a t e t h e need f o r compromise l a t e r on. The system i s d i v i d e d as shown below.
This Proper e v a l u a t i o n Receiver Heat t r a n s p o r t system Conversion system: S t i r l i n g engine Power o u t p u t device A u x i l i a r i e s Power c o n d i t i o n i n g and c o n t r o l s The M T I and STC conceptual designs are considered unique y e t complementary t o each o t h e r . Each ASCS design f e a t u r e s t h e S t i r l i n g engine, a l i q u i d metal heat t r a n s p o r t system as p a r t o f t h e s o l a r r e c e i v e r , a means t o generate e l e c t r i c power, a c o o l i n g system, and t h e power c o n d i t i o n i n g and cont r o l system. Wherever p o s s i b l e , b o t h conceptual designs i n c l u d e t h e use of e x i s t i n g technology which i s expected t o be a v a i l a b l e i n t h e l a t e 1980's. The MTI concept u t i l i z e s a heat p i p e r e c e i v e r i n t e g r a t e d w i t h t h e f r e e -p i s t o n S t i r l i n g conversion system t o d i r e c t l y c o n v e r t t h e s o l a r energy t o e l e c t r i c i t y . The STC concept uses a r e f l u x b o i l e r r e c e i v e r i n t e g r a t e d w i t h a S t i r l i n g h y d r a u l i c conversion system g e n e r a t i n g e l e c t r i c i t y i n d i r e c t l y u s i n g t h e h y d r a u l i c o u t p u t t o a hydraul i c pump/motor coupled t o a r o t a t i n g a l t e r n a t o r .
The ASCS i s b e i n g designed t o mount on, and t o r e c e i v e concentrated s o l a r energy from an 1 1 m t e s t bed c o n c e n t r a t o r (TBC) l o c a t e d a t t h e SNLA t e s t f a c i l i t i e s i n Albuquerque, NM. The ASCS P r o j e c t design requirements and t h e SNLA TBC c h a r a c t e r i st i c s a r e g i v e n i n Ref. 7. i f i c a t i o n f o r t h e o p e r a t i n g temperature for t h e ASCS measured a t t h e h o t end ( S t i r l i n g heater D u r i n g t h e conceptual design process t h e spec- head) was decreased from 800 t o 700 " C . This temp e r a t u r e r e d u c t i o n w i l l increase m a t e r i a l l i f e by i n c r e a s i n g t h e creep r u p t u r e and f a t i g u e l i f e and should minimize, where p r a c t i c a l , p o t e n t i a l l i q u i Table 111 . The M T I and STC conceptual designs a r e discussed i n d e t a i l i n Refs. 8 and 9, r e s p e c t i v e l y .
M T I ASCS CONCEPTUAL DESIGN M T I , t h e prime
c o n t r a c t o r , was r e s p o n s i b l e for p r o j e c t
management, t h e d e s i g n o f t h e f r e e -p i s t o n l i n e a r a l t e r n a t o r conversion concept and system i n t e g r a t i o n . M T I was teamed w i t h Thermacore, I n c . , Lancaster, PA, f o r t h e heat t r a n s p o r t system and w i t h Sanders Associates, Nashua, NH, f o r t h e s o l a r r e c e i v e r design. Pioneer Engineering and Manufact u r i n g Co., Warren, M I , p r o v i d e d t h e independent manufacturing and c o s t a n a l y s i s f o r t h e M T I design. A t the d e s i g n r e v i e w h e l d i n June 1987 M T I recommended an ASCS c o n f i g u r a t i o n , shown i n F i g . 5, which i n c l u d e s a h e a t p i p e r e c e i v e r i n t e g r a t e d w i t h a s i n g l e p i s t o n S t i r l i n g conversion system w i t h a passive ( w i t h no a c t i v e feedback) v i b r a t i o n absorber for t h e b a s e l i n e design. The ASCS i s cont r o l l e d w i t h an a u t o t r a n s f o r m e r w i t h a t u n i n g c a p a c i t o r i n t h e l o a d c i r c u i t t o t h e u t i l i t y g r i d . The estimated annual energy for t h e M T I ASCS i s shown i n F i g . 6. MTI d i v i d e d t h e ASCS i n t o t h e f o l l o w i n g subsystems:
( 1 ) Receiver/heat t r a n s p o r t sy ( 2 ) E n g i n e l l i n e a r a l t e r n a t o r ( 3 ) V i b r a t i o n absorber ( 4 ) Engine mounts ( 5 ) C o o l i n g system ( 6 ) Power c o n t r o l system A l l t h e subsystems, except t h e system, can be mounted d i r e c t l y on of t h e 1 1 m c o n c e n t r a t o r . Each o f terns are discussed below. 
ReceiverlHeat Transport System
The r e c e i v e r l h e a t t r a n s p o r t system i s a s i n g l e h e a t p i p e on a hemispherical s h e l l shown i n F i g . 7 
. The s o l a r energy i s c o l l e c t e d from an 11 m p a r a b o l i c d i s h which focuses t h e s o l a r energy through an 203 mm ( 8 i n . ) diameter a p e r t u r e i n t h e r e c e i v e r f a c e . The r e c e i v e r has been designed t o operate c o n t i n u o u s l y w i t h a nominal i n s o l a t i o n o f 950 W/m2 p r o v i d i n g about 75 kW o f thermal energy t o the absorber surface. The s u r f a c e o f the evapor a t o r i s covered w i t h a powdered metal wick w i t h a p r i m a r y and a redundant c i r c u m f e r e n t i a l / r a d i a l a r t e r y system. Sodium was chosen a5 t h e l i q u i d metal f o r t h e h e a t p i p e because t h e s u p e r i o r surf a c e t e n s i o n p r o p e r t i e s a l l o w for e a s i e r w i c k i n g . The heat p i p e c a v i t y behind t h e absorber/evaporator surface i s designed so t h a t t h e condensed l i q u i d d r a i n s b y g r a v i t y t o t h e a r t e r i e s a t t h e base o f
t h e evaporator s h e l l . The use o f t h e heat p i p e for t h e heat t r a n s p o r t system should minimize l o c a l h o t spots and p r o v i d e more u n i f o r m h e a t i n g t o ensure longer l i f e f o r t h e S t i r l i n g heater head tubes. 
EnqinelLinear A l t e r n a t o r System g r a t e d w i t h a l i n e a r a l t e r n a t o r t o d i r e c t l y c o n v e r t t h e energy t o e l e c t r i c i t y t o t h e g r i d . shows a cross s e c t i o n o f t h e e n g i n e / a l t e r n a t o r con

t i o n i s proposed for t h e r e g e n e r a t o r and c o o l e r . chosen f o r t h e conceptual design which a l l o w s t h e use o f c l o s e t o l e r a n c e , noncontacting seals which e l i m i n a t e wear mechanisms d u r i n g o p e r a t i o n . A s p i n motor i s c o n c e p t u a l l y shown t o d r i v e t h e power p i s t o n and d i s p l a c e r t o c r e a t e t h e hydrodynamic e f f e c t . The engine and t h e l i n e a r a l t e r n a t o r are contained i n a common vessel which a l l o w s f o r t h e conversion system t o be h e r m e t i c a l l y sealed.
A permanent magnet concept was s e l e c t e d f o r t h e l i n e a r a l t e r n a t o r , u s i n g Neodymium-Boron-Iron magn e t s . The l i n e a r a l t e r n a t o r i s connected t o a s e r i e s t u n i n g c a p a c i t o r and t o t h e g r i d through an autotransformer. A c o o l i n g system i s i n c o r p o r a t e d for t h e s t a t o r t o assure t h e proper temperature o f
t h e magnetic m a t e r i a l s . The s i n g l e phase l i n e a r a l t e r n a t o r has been designed t o p r o v i d e 23.2 kWe (nominal) and 27.5 kWe (peak) t o t h e u t i l i t y g r i d .
V i b r a t i o n Absorber
The s i n g l e c y l i n d e r S t i r l i n g engine i s i n t e -F i g u r e 8
Hydrodynamic gas bearings have been A passive ( w i t h no a c t i v e feedback) v i b r a t i o n absorber was chosen f o r the s i n g l e p i s t o n S t i r l i n g conversion system c o n f i g u r a t i o n . s p r i n g s t i f f n e s s was s e l e c t e d so t h a t t h e resonant frequency o f t h e v i b r a t i o n absorber i s t h e same as
t h e nominal o p e r a t i n g frequency of t h e engine, 60k0.6 Hz.
The mass and C o o l i n g System
The heat r e j e c t i o n system i s a c l o s e d system which i s d i v i d e d i n t o two p a r a l l e l loops: ( 1 ) f o r the engine c o o l e r , and ( 2 ) f o r t h e a l t e r n a t o r s t at o r . M T I recommended automotive type c o o l i n g system components which i n c l u d e a r a d i a t o r , a blower f a n , and a c o o l a n t pump.
Power C o n t r o l System
The l i n e a r a l t e r n a t o r i s connected t o the u t i l i t y g r i d through an a u t o t r a n s f o r m e r and a s e r i e s t u n i n g c a p a c i t o r . The frequency and t h e a u t o t r a n s f o r m e r o u t p u t v o l t a g e are e s s e n t i a l l y cons t a n t and e s t a b l i s h e d by t h e g r i d . The v o l t a g e a t
t h e a l t e r n a t o r t e r m i n a l s i s a d j u s t e d t o match t h e changes i n power w h i l e keeping t h e h e a t e r head temp e r a t u r e a t i t s design p o i n t . The s e r i e s capacitors used t o compensate f o r t h e i n t e r n a l inductance o f t h e l i n e a r a l t e r n a t o r assure s t a b l e o p e r a t i o n of t h e S t i r l i n g conversion system.
C o n t r o l s planned f o r t h e ASCS.
F u l l y automatic, unattended o p e r a t i o n i s
STC ASCS CONCEPTUAL DESIGN
h e conceptual design process were: Gedeon Associates, Athens, OH, for t h e thermodynamic s i m u l a t i o n ; Saaski Technologies, I n c . , S e a t t l e , WA, as a t h e heat t r a n s p o r t c o n s u l ta n t ; and Westinghouse Hanford Co., Hanford, WA, f o r t h e h i g h temperature m a t e r i a l s e x p e r t i s e . A t t h e design r e v i e w h e l d i n J u l y 1987, STC recommended an ASCS c o n f i g u r a t i o n , shown i n F i g . 9, which i n c l u d e s a r e f l u x b o i l e r r e c e i v e r i n t e g r a t e
d w i t h t h e S t i r l i n g l h y d r a u l i c conversion system. A comm e r c i a l h y d r a u l i c pump/motor and an i n d u c t i o n gene r a t o r were i d e n t i f i e d t o c o n v e r t t h e h y d r a u l i c o u t p u t t o e l e c t r i c i t y f o r t h e g r i d . The estimated annual energy f o r t h e STC ASCS i s shown i n F i g . 10. The ASCS i s d i v i d e d i n t o t h e f o l l o w i n g subsystems:
( 1 ) Receiver/heat t r a n s p o r t system ( 2 ) E n g i n e l h y d r a u l i c o u t p u t The Pioneer e v a l u a t i o n concluded t h a t t h e a r r a y c o n f i g u r a t i o n was a c t u a l l y more expensive and would i n c r e a s e t h e c a p i t a l c o s t about 10 p e r c e n t ; t h e r e f o r e , o n l y t h e stand alone ASCS w i l l be discussed. A l l o f t h e subsystems can be mounted d i r e c t l y on t h e f o c a l p o i n t of t h e 11 m c o n c e n t r a t o r . Each o f t h e major systems are discussed below.
ReceiverlHeat Transport System
For the r e c e i v e r / h e a t t r a n s p o r t system a r e f l u x b o i l e r ( F i g . 11) was chosen over a number o f candidates. The energy i s c o l l e c t e d f r o m an 1 1 m s o l a r c o n c e n t r a t o r which focuses t h e energy through an 203 mm ( 8 i n . ) diameter a p e r t u r e i n t h e r e c e i v e r face.
The r e c e i v e r has been designed t o operate c o n t i n u o u s l y w i t h a nominal i n s o l a t i o n o f about 950 W/m2 p r o v i d i n g about 75 k W o f thermal energy t o t h e absorber surface. Potassium was chosen as t h e l i q u i d metal for t h e r e f l u x b o i l e r because t h e h i g h e r vapor pressure a t 700 O C a l l o w s for e a s i e r b o i l i n g . The potassium i s evaporated, s i m i l a r t o t h e o p e r a t i o n o f a double b o i l e r , t o p r o v i d e vapor which r e s u l t s i n a u n i f o r m temperature a t t h e S t i r l i n g heater head tubes. The system i s c o n f igured so t h a t the heater head tubes a r e never submerged i n the potassium p o o l , r e g a r d l e s s of t h e c o n c e n t r a t o r e l e v a t i o n a n g l e . A disadvantage of t h i s b o i l e r c o n f i g u r a t i o n i s the l a r g e amount of l i q u i d potassium i n v e n t o r y . The use o f t h e r e f l u x b o i l e r for t h e heat t r a n s p o r t system should p r o v i d e a simple and u n i f o r m method f o r h e a t i n g t h e h e a t e r head tubes and a l s o minimize any l o c a l h o t spots e n s u r i n g l o n g l i f e . The manufacturing r a t e used for t h i s study was 10 000 ASCS u n i t s l y e a r . P a r e t o ' s Law s t a t e s t h a t 20 p e r c e n t o f t h e major components c o n s t i t u t e 80 p e r c e n t o f t h e t o t a l c o s t . T h i s methodology was b e l i e v e d to be an accurate p r e d i c t o r for t h e comparison o f b o t h conversion concepts, t h e f r e ep i s t o n S t i r l i n g l i n e a r a l t e r n a t o r and t h e f r e ep i s t o n S t i r l i n g l h y d r a u l i c . 
